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We	 present	 a	 bidirectional	 recirculating	 frequency-
shifting	loop,	seeded	by	a	continuous	wave	(cw)	laser,	to	
perform	 multi-heterodyne	 interferometry.	 This	 fiber-
optic	 system	 generates	 two	 counter-propagating	
“acousto-optic”	frequency	combs	with	a	controllable	line	
spacing.	 Apart	 from	 its	 simple	 architecture,	 coherent	
averaging	allows	us	to	reach	acquisition	times	up	to	the	
second	scale,	without	resorting	to	any	active	stabilization	
mechanism.	We	also	show	that	the	relative	phase	between	
the	 combs	 is	 quadratic,	 and	 can	 be	 easily	 controlled	 by	
adjusting	the	parameters	of	the	loop.	The	capability	of	our	
scheme	to	perform	molecular	spectroscopy	is	proven	by	
dual-comb	 measurements	 of	 a	 transition	 of	 hydrogen	
cyanide	in	the	near-infrared	region	(1550	nm).		
OCIS	 codes:	 (140.3510)	 Lasers,	 fiber;	 (300.6310)	
Spectroscopy,	heterodyne;	(120.3180)	Interferometry.	
	
Dual-comb	 spectroscopy	 (DCS)	 is	 a	 powerful	 interferometric	
technique	 that	 involves	 the	 use	 of	 two	 optical	 frequency	 combs	
(OFCs)	 with	 different	 line	 spacing	 [1,2].	 The	 multi-heterodyne	
interference	 of	 both	 combs	 leads	 to	 the	 generation	 of	 a	 set	 of	
radiofrequency	(RF)	beat	notes.	As	a	consequence	of	 this	down-
conversion	 process,	 a	 relatively	 broadband	 optical	 spectrum,	 on	
which	 the	 frequency	 response	 of	 a	 sample	 is	 encoded,	 can	 be	
resolved	line	by	line	by	using	low-bandwidth	electronics.	Besides	
being	scanless,	DCS	offers	a	high	level	of	performance	in	terms	of	
sensitivity	 and	measurement	 time	 as	 compared	 to	 conventional	
Fourier-transform	spectroscopy.	DCS	has	also	been	applied	to	areas	
other	 than	 spectroscopy,	 such	 as	 distance	 ranging	 (LIDAR)	 and	
vibrometry	[3-6],	arbitrary	waveform	characterization	[7,	8]	and	
fiber	sensing	[9,	10].	However,	in	order	to	exploit	the	outstanding	
capabilities	of	DCS,	a	high	degree	of	mutual	coherence	is	required	
between	the	two	individual	combs	involved.	In	the	case	of	mode-
locked	OFCs,	the	condition	of	mutual	coherence	can	be	reached	by	
a	 tight	 locking	 of	 the	 combs,	 albeit	 at	 the	 expense	 of	 using	
stabilization	schemes	that	are	complex,	and	usually	only	available	in	
advanced	 metrology	 laboratories.	 Alternatively,	 real-time	 signal	
processing	techniques	make	it	possible	the	implementation	of	DCS	
with	free-running	OFCs,	but	at	the	cost	of	transferring	the	system	
complexity	to	the	electronic	and	software	architecture	[11,	12].	
Another	strategy	 to	ensure	 the	mutual	coherence	required	by	
DCS	is	the	generation	of	two	combs	from	a	single	laser	cavity.	A	free-
running	 bidirectional	 mode-locked	 fiber	 laser	 can	 be	 used,	 for	
instance,	 to	 generate	 two	 mutually	 detuned	 combs	 in	 the	
telecommunications	band	and	in	the	range	of	1.9	µm	[13-15].	The	
dual-comb	generation	is	a	consequence	of	the	asymmetry	between	
the	clockwise	and	counterclockwise	directions,	which	results	in	two	
combs	with	 a	 line	 spacing	differing	by	 a	 small	 offset.	At	 shorter	
wavelengths	 (around	 850	 nm),	 a	 Kerr-lens	 mode-locked	
bidirectional	ring	laser	offers	wide	tunability	of	the	frequency	offset	
(over	∼1	kHz),	broad	bandwidth	(>25	THz)	and	the	possibility	of	
generating	 ultrashort	 pulses	 (∼10	 fs)	 [16].	 In	 the	 same	 spectral	
window,	a	mode-locked	integrated	external-cavity	surface	emitting	
laser	 (MIXSEL)	 has	 been	 used	 for	 implementing	 DCS	 in	 a	
considerably	 more	 compact	 design	 [17].	 In	 a	 parallel	 research	
avenue,	microresonators	constitute	a	chip-integrated	solution	for	
generating	frequency	combs	(microcombs)	with	large	line	spacing	
(from	1GHz	to	1THz)	[18,19].	Very	recently,	it	has	been	shown	that	
counter-propagating	 dissipative	 Kerr	 solitons	 in	 a	 single	
microresonator	enable	the	generation	of	 two	or	more	 frequency	
combs	with	different	repetition	rates	[20,21].	
The	practical	implementation	of	DCS	can	be	greatly	simplified	by	
means	of	OFCs	generated	from	electro-optic	(EO)	modulation	of	a	
cw	laser.	The	reason	is	that	a	single	laser	is	employed	to	generate	
the	two	combs	required	by	DCS,	which	are	phase-locked	by	default	
[22,23].	Unlike	combs	based	on	cavities,	EO	combs	feature	flexible	
line	 spacing,	which	 can	be	 tuned	over	 orders	 of	magnitude.	 For	
instance,	EO	combs	with	line	spacing	exceeding	10	GHz	have	been	
harnessed	to	perform	high-speed	dual-comb	interferometry	[5,	8].	
Despite	 the	 above	 benefits,	 the	 spectra	 generated	 in	 EO-DCS	
typically	have	a	low	number	of	spectral	lines	(<100).	This	limitation	
can	be	overcome	through	coherent	spectral	broadening	[24,25],	or	
by	driving	EO	modulators	with	step-recovery	diodes	[26].	Besides,	
ultra-dense	OFCs	(featuring	thousands	of	lines	with
	
Fig.	1.	(a)	Dual-comb	FSL	and	experimental	setup	for	performing	DCS.	All	the	components	use	polarization-maintaining	fiber.	The	photocurrents	
generated	by	the	two	photodiodes	are	digitized	by	a	real-time	oscilloscope	(not	shown	in	the	scheme).	(b)	Asymmetric	bidirectional	frequency	shifter	
included	in	the	FSL	shown	in	(a).	The	RF	signals	(amplified	to	the	Watt	level)	driving	each	individual	AOFS	come	from	a	single	RF	synthesizer.	
1	MHz	comb	spacing)	have	been	produced	by	sending	optimized	bit	
sequences	to	an	EO	modulator	[10,	27].		
Another	 simple,	 robust	 and	 easily	 implementable	 comb	
modality,	 although	 considerably	 less	 exploited,	 is	 a	 recirculating	
loop	that	includes	an	acousto-optic	frequency	shifter	(AOFS)	[28].	
This	scheme	generates	“acousto-optic”	frequency	combs	containing	
100s	or	even	>1000	spectral	lines,	without	resorting	to	non-linear	
broadening	 or	 optimized	 driving	 schemes	 [29].	 Moreover,	 as	
recently	demonstrated,	two	mutually	coherent	frequency-shifting	
loops	(FSLs),	seeded	by	a	single	cw	laser,	can	be	used	to	carry	out	
DCS	 [30].	 However,	 this	 dual-comb	 system	 exhibits	 fluctuations	
between	 the	 two	 generated	 OFCs,	 caused	 by	 uncorrelated	
mechanical	 and	 amplification	 noise.	 Those	 fluctuations	 limit	 the	
acquisition	 time,	 hindering	 the	 accumulation	 of	 many	
interferograms	in	one	shot	to	increase	the	measurement	signal-to-
noise	ratio	(SNR).	This	drawback,	also	found	in	other	DCS	schemes,	
can	 be	 tackled	 by	 means	 of	 a	 low-bandwidth	 feedback	 loop	 to	
stabilize	 the	 dual-comb	 interferometer	 [30]	 or,	 instead,	 by	
software-based	and	adaptive	phase	correction	algorithms	[31,32].	
Here,	 we	 implement	 a	 single	 FSL	 composed	 of	 bidirectional	
elements,	which	generates	two	counter-propagating	OFCs	with	a	
flexible	frequency	detuning.	As	in	the	generation	of	combs	from	a	
single	bidirectional	cavity,	this	scheme	not	only	avoids	duplication	
of	 the	 system,	but	 also	 improves	 the	 system	stability	due	 to	 the	
common	noise	rejection	between	the	combs.	This	feature	is	verified	
by	analyzing	the	evolution	of	the	SNR	when	coherent	averaging	is	
performed.	
Our	system	is	based	on	a	recirculating	FSL	seeded	by	a	narrow-
linewidth	CW	laser	at	1550	nm	[Fig.	1(a)].	This	FSL	contains	three	
elements:	 a	 frequency	 shifter,	 an	 erbium	 doped	 fiber	 amplifier	
(EDFA)	 and	 a	 tunable	 bandpass	 filter	 (BPF).	 The	 amplifier	
compensates	for	the	losses	of	the	loop,	while	the	role	of	the	BPF	is	
twofold:	it	controls	the	bandwidth	of	the	frequency	comb	(i.e.,	the	
number	 of	 lines),	 and	 filters	 out	 the	 amplified	 spontaneous	
emission	(ASE)	noise	generated	by	the	light	amplification.	Both	the	
EDFA	and	the	BPF	are	bidirectional	and	symmetric.	The	frequency	
shifter,	however,	requires	a	special	design	[Fig.	1(b)],	since	it	must	
impart	a	different	frequency	shift	depending	of	the	light	direction.	
This	 “asymmetric”	 bidirectional	 component	 is	 composed	 of	 two	
circulators	and	two	frequency	shifters	(AOFS	1	and	AOFS	2)	driven,	
respectively,	by	RF	signals	at	𝑓"	and	𝑓" + 𝛿𝑓"	(𝛿𝑓" ≪ 	𝑓"),	typically	in	
the	range	of	tens	to	hundreds	of	MHz.	To	seed	the	FSL,	the	light	
emitted	by	the	CW	laser,	after	passing	through	an	isolator,	is	split	
into	two	branches	using	a	3dB	coupler.	The	light	of	each	branch	is	
then	injected	inside	the	loop	by	means	of	a	10	dB	coupler.	The	seed	
power	for	each	direction,	an	important	parameter	to	optimize	the	
comb	 spectrum	 [33],	 is	 independently	 adjusted	 using	 a	 variable	
optical	attenuator	(VOA).	Two	additional	10	dB	couplers	inserted	in	
the	FSL	extract	a	fraction	of	the	light	circulating	in	both	ways.	
To	evidence	the	capabilities	of	the	system	for	multi-heterodyne	
interferometry,	the	two	combs	are	recombined	and	amplified.	The	
resulting	beat	signal	is	detected	by	a	photodiode	[Fig.	1(a)].	Since	
both	comb	spectra	are	generated	on	the	high-frequency	side	of	the	
laser	 line	 (here,	 the	 frequency	 shifts	 are	 positive),	 the	 down-
conversion	 to	 the	 RF	 domain	 is	 inherently	 unambiguous.	 The	
photocurrent	generated	by	the	detector	is	then	filtered	by	a	low-
pass	RF	filter	with	a	cut-off	frequency	of	𝑓"/2	to	avoid	aliasing.	This	
signal	is	digitized	by	an	oscilloscope	and	Fourier	transformed.	The	
retrieved	spectrum	is	a	RF	comb,	which	arises	from	the	interference	
between	 each	 spectral	 line	 of	 the	 “clockwise”	 optical	 frequency	
comb	 and	 the	 closest	 line	 of	 the	 “counterclockwise”	 one.	 An	
example	of	spectrum	produced	by	this	process,	extracted	from	a	
single	trace	of	100	ms	duration,	is	the	red	plot	shown	in	Fig.	2(a).	
The	frequency	shifts	are	𝑓" = +80	MHz	and	𝑓" + 𝛿𝑓",	with	𝛿𝑓" =
10	kHz,	so	the	compression	factor	(CF)	is	8000.	The	inset	in	Fig.	
2(a)	corresponds	to	a	small	part	of	 the	spectrum	showing	a	 few	
individual	lines.	With	the	only	exception	of	some	lines	close	to	DC,	
affected	by	a	high	noise	floor,	the	RF	comb	shows	a	flat	envelope	
(250	lines	within	10	dB).	The	features	of	this	spectrum,	however,	
strongly	 depend	 on	 the	 configuration	 of	 the	 FSL,	 defined	 by	
parameters	such	as	the	input	light	power,	the	BPF	bandwidth,	and	
the	EDFA	gain	[33].	For	instance,	these	parameters	can	be	set	so	as	
to	provide	a	wider	RF	spectrum	[blue	plot	of	Fig.	2(a)],	although	at	
the	expense	of	decreasing	the	comb	flatness	(400	lines	within	20	
dB)	[30,33].		
The	 SNR	 attainable	 by	 our	 system	 is	 analyzed	 by	 means	 of	
coherent	 averaging,	 a	 process	 that	 makes	 the	 amplitude	 of	 the	
spectral	 noise	 scale	 as	1 𝑁,	𝑁	 being	 the	 number	 of	 temporal	
signals	(arranged	to	be	in	phase)	that	are	averaged	point	by	point	
and	Fourier	transformed	[2].	Starting	from	a	1-s	oscilloscope	trace,	
we	extract	𝑁	consecutive	500-µs	signals,	each	one	containing	10	
interferograms,	which	ensures	a	sufficient	frequency	resolution	to	
calculate	the	noise	floor	along	the	comb.	We	consider	each	spectral	
line	separately	and,	after	normalizing	its	amplitude,	we	estimate	the	
corresponding	 spectral	 noise.	 Then,	 we	 average	 the	 noise	
amplitudes	for	𝑀	spectral	lines.	Fig.	2(b)	shows	the	inverse	of	that	
	
	
Fig.	2.	(a)	Two	examples	of	the	RF	spectra	retrieved	by	dual-comb	measurements	(without	gas	cell)	using	the	bidirectional	FSL.	The	blue	curve	has	
been	shifted	up	in	order	to	facilitate	its	visualization.	(b)	Analysis	of	the	SNR	when	coherent	averaging	is	performed	(see	details	in	the	text).
averaged	 value,	 1/𝑛. ,	 versus	 𝑁	 (or,	 equivalently,	 versus	 the	
averaging	time,	𝑡012)	 for	𝑀 = 50, 150, 250.	The	 last	value	of	𝑀	
corresponds	 to	 the	maximum	 number	 of	 lines	within	 10	 dB	 of	
power	 variation.	 The	 experimental	 points	 for	 the	 narrowest	
bandwidth		are	fitted	by	a	curve	that	scales	as	 𝑁	(red	line).	For	
𝑡012	below	a	few	hundreds	of	milliseconds,	Fig.	2(b)	demostrates	a	
high	 degree	 of	 mutual	 coherence	 between	 the	 two	 counter-
propagating	combs.	Close	to	one	second,	the	SNR	deviates	from	the	
expected	 behavior	 as	 𝑀	 progressively	 increases,	 revealing	 a	
tradeoff	between	the	number	of	lines	and	the	averaging	time.		
Another	important	point	to	be	analyzed	is	the	fact	that	the	two	
generated	combs	show	a	definite	relative	phase	relationship.	If	the	
laser	 frequency	 is	 𝑓6	 and	 the	 light	 field	 injected	 into	 an	
unidirectional	FSL	is	written	as	𝐸 𝑡 = 𝐸6exp	(𝑖2𝜋𝑓6𝑡),	the	field	at	
the	output	of	the	loop	is	given	by	[28,29,	34]	
𝐸 𝑡 = 𝐸6 𝑔(𝑛)@ 𝑒BCD.EF 𝑒GBCD[@.IJKL@ @LM .NJK/C],	 (1)	
where	𝐸6	is	the	input	field	amplitude,	𝑓@	is	the	frequency	of	the	n-th	
line,	 𝑓@ = 𝑓6 + 𝑛𝑓",	 𝑔(𝑛)	 is	 a	 function	 characterizing	 the	 comb	
envelope,	and	𝜏Q	is	the	round-trip	time	in	the	loop.	The	above	field,	
aside	from	linear	phase	terms,	is	basically	equivalent	to	the	one	of	a	
mode-locked	 laser	 with	 a	 quadratic	 spectral	 phase	 (as	 if	 it	 had	
propagated	 along	 a	 second-order	 dispersive	 medium).	 This	
quadratic	phase	depends	on	the	product	𝜙 = 𝑓"𝜏Q ,	which	can	be	
tuned	by	changing	the	frequency	shift	or,	alternatively,	the	optical	
path	length	travelled	in	the	FSL.	Recall	that	when	the	value	of	𝜙	is	
an	integer	number,	the	quadratic	phase	becomes	a	multiple	of	2𝜋	
for	 any	 spectral	 line,	 a	 condition	 termed	 as	 “Integer	 Talbot	 (IT)	
condition”.	As	a	consequence,	in	the	time	domain,	a	train	of	Fourier	
transform-limited	pulses	is	produced	at	a	repetition	rate	equal	to	𝑓"	
(temporal	integer	Talbot	effect).	When	the	value	of	𝜙	is	equal	to	an	
irreductible	fraction	𝑝/𝑞,	the	FSL	output	is	again	a	train	of	Fourier	
transform-limited	 pulses,	 but	 at	 a	 repetition	 rate	 of	𝑞𝑓" = 𝑝/𝜏Q	
(temporal	 fractional	 Talbot	 effect).	 Finally,	 when	 𝜙	 is	 slightly	
detuned	 from	 an	 integer	 value,	 the	 comb	 spectral	 phase	 is	 a	
parabola	[34].	To	showcase	the	capability	of	the	system	to	control	
the	relative	spectral	phase	between	the	combs,	we	adjust	the	value	
of	 the	 frequency	 shift	 of	 each	 one,	 so	 as	 to	 generate	 Fourier-
transform-limited	pulses	 (i.e.,	we	set	both	combs	 to	be	 in	 the	 IT	
condition).	 Since	 the	 optical	 paths	 inside	 the	 loop	 for	 the	 two	
directions	of	travel	are	very	similar	to	each	other,	the	optimal	values	
of	𝑓"	for	the	two	counter-propagating	combs	only	differ	by	𝛿𝑓" =
109.8	kHz,	a	value	that	actually	makes	it	possible	to	perform	DCS	
with	 them.	 According	 to	 Eq.	 (1),	 when	 the	 IT	 condition	 is	
simultaneously	 satisfied	 by	 the	 two	 combs,	 the	 relative	 phase	
between	both	is	expected	to	be	constant	(neglecting	an	irrelevant	
linear	phase	term).	This	case	corresponds	to	the	blue	trace	shown	
in	 Fig.	 3,	 retrieved	 from	 a	 single	 100	 ms	 trace.	 The	 standard	
deviation	of	the	relative	phase	is	equal	to	0.17	rad	along	200	comb	
lines	 (16	 GHz	 of	 optical	 bandwidth).	 If,	 subsequently,	 the	 line	
spacing	of	 the	counterclockwise	comb	is	detuned	by	only	𝛿𝑓[ =
+5	kHz	(while	maintaining	the	other	comb	in	the	IT	condition)	the	
relative	 phase	 between	 them	 becomes	 a	 well-defined	 quadratic	
function	(green	curve).	On	the	contrary,	 if	the	line	spacing	of	the	
clockwise	comb	is	detuned	by	the	same	amount	while	the	other	one	
returns	 to	 the	 IT	 condition,	 a	 parabola	 with	 opposite	 sign	 is	
retrieved	 (red	 curve).	 Noticeably,	 a	 very	 small	 value	 of	 𝛿𝑓[	
introduces	 a	 large	 amount	 of	 group	 velocity	 dispersion	 when	
compared	 with	 standard	 dispersive	 lines.	 Thus,	 with	 𝛿𝑓[ ≅
0.05	𝛿𝑓"	we	induce	a	quadratic	spectral	phase	that	would	require	
the	light	propagation	along	thousands	of	km	of	a	SMF-28	fiber	[34].		
	
	
Fig.	 3:	 Control	 of	 the	 relative	 spectral	 phase	 between	 the	 generated	
combs.	The	green	and	red	curves	share	the	same	linear	term,	chosen	ad	
hoc	so	that	they	have	their	extreme	points	located	at	the	center	of	the	
spectrum,	thus	making	evident	their	quadratic	dependence.		
Finally,	we	demonstrate	the	capability	of	the	bidirectional	FSL	to	
perform	molecular	spectroscopy.	As	can	be	observed	in	Fig.	1(a),	
the	 light	 resulting	 from	 the	 combination	 of	 the	 two	 generated	
combs,	after	being	amplified,	is	divided	into	two	arms:	the	reference	
one,	in	which	the	light	goes	directly	towards	a	photodiode	(PD),	and	
the	sample	arm,	in	which	the	light	passes	through	a	sample	before	
being	detected	(see	Fig.	1).	The	test	sample	here	is	a	fiber-coupled	
hydrogen	cyanide	(HCN)	cell	(pressure:	25	Torr	±	10%,	length:	L =
5.5	cm).	 The	 CW	 laser	 employed	 for	 this	 experiment	 is	 a	 laser	
diode,	 slightly	 tunable	 around	1550	nm.	The	 combs	have	 a	 line	
spacing	 of	 75.000	 MHz	 and	 75.020	 MHz,	 respectively	 (𝛿𝑓" =
20	kHz,	CF=3750).	We	acquire	20	traces	of	50	ms-duration	(1	s	of	
time	averaging).	Taking	into	account	the	reference	measurement	
(without	gas	cell),	and	after	a	baseline	correction,	we	retrieve	the	
transmission	corresponding	to	the11th	line	of	the	HCN	P-branch,	as	
is	 shown	 in	 Fig.	 4.	 This	 curve,	 fitted	 by	 a	 Voigt	 profile	 along	 a	
bandwidth	of	10	GHz,	has	a	strength	(𝑇 = 0.84)	and	a	bandwidth	
(FWHM = 1.8	GHz)	 compatible	 with	 previously	 reported	
measurements	 for	 the	 HCN	 [35].	 The	 root	 mean	 square	 of	 the	
residuals	between	the	measured	transmission	and	the	Voigt	profile	
is	σ=0.2	%	at	the	noise	level.	These	results	slightly	improve	those	
reported	in	[30],	which	were	obtained	for	the	same	gas	cell,	similar	
set	of	traces	and	identical	detector,	but	with	the	aid	of	two	mutually	
coherent	loops,	stabilized	by	a	low-bandwidth	feedback	loop.		
	
	
Fig.	4.	Absorption	line	of	the	HCN	measured	with	a	point	spacing	of	75	
MHz.	The	experimental	points	(in	blue)	are	fitted	by	a	Voigt	profile	(red	
line).	The	residuals	are	shown	in	green	in	the	lower	inset.	
In	 summary,	 we	 have	 presented	 a	 simple,	 flexible	 and	 free-
running	AO-FSL	to	carry	out	dual-comb	interferometry.	The	overall	
system	performance	can	be	evaluated	using	as	a	 figure	of	merit	
(FoM)	the	product	of	the	amplitude	SNR	by	the	number	of	lines	𝑀	
(for	an	integration	time	of	1	s)	[1].	The	averaging	process	described	
here	 provides	 a	FoM	 of	0.2×10d	 (𝑀 = 250),	 which	 is	 close	 to	
values	 previously	 reported	 for	 much	 more	 complex	 dual-comb	
generators	 (𝐹𝑜𝑀 = 10d − 10h)	 [2].	 Additionally,	 it	 should	 be	
noted	that	a	proper	optimization	of	the	FSL	components	[33]	could	
increase	the	number	of	coherent	lines	[29,34].	The	performance	of	
our	 system	 has	 also	 been	 tested	 by	 reproducing	 spectroscopic	
measurements	previously	reported	in	[30],	but	without	resorting	to	
any	stabilization	mechanism,	thanks	to	the	common	noise	rejection	
provided	by	the	bidirectional	FSL.	Strictly,	the	counter-propagating	
directions	do	not	entirely	share	 the	same	path,	 since	 they	 travel	
through	different	optical	elements	inside	the	asymmetric	frequency	
shifter.	However,	this	component	is	just	a	small	part	of	the	overall	
FSL	and	can	be	significantly	compacted.	Finally,	by	exploiting	the	
temporal	Talbot	effect,	DCS	can	be	performed	with	two	trains	of	
optical	pulses,	as	well	as	control	their	relative	spectral	phase	by	a	
fine	 tuning	 of	 the	 line	 spacing	 of	 the	 combs	 around	 the	 Talbot	
condition.	This	capability	can	be	of	interest	for	applications	such	as	
radar-based	detection	and	microwave	spectroscopy	[34].	
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